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Quantum control of phonons has being become a focus of attention for developing quantum
technologies. Here, we propose a proposal to realize phonon blockade in a quadratically coupled
optomechanical system, where a strong nonlinear interaction between photons and phonons can
be induced by an external field coherently driving the cavity, and the effective coupling strength
is tunable by adjusting the amplitude of the driving field. This optically induced nonlinearity
is different from standard methods for realization of phonon blockade, where the nonlinearity is
achieved by coupling the mechanical system to superconducting qubits. We both analytically and
numerically study the phonon statistical properties via the steady-state solution of the second-order
correlation function, and find phonon blockade can be efficiently realized for a large cooperativity of
the system, which is achievable based on the optically enhanced nonlinear coupling and high quality
mechanical system.
I. INTRODUCTION
Exploring the quantum feature of macroscopic objects
is of great interest both for applications in the fields of
quantum information and quantum sensing [1, 2] and for
fundamental questions about quantum-classical bound-
ary [3]. The tremendous progress in the fabrication of
mechanical device provides a wide range of mass and fre-
quency mechanical systems [4], which makes the experi-
mental testing of macroscopic quantum phenomena pos-
sible. Particularly, with the advances of the optomechan-
ical cooling technologies [5–7], many efforts have been
paid to the quantum control of mechanical objects [8–
10]. For example, by coupling the mechanical mode to
a superconducting qubit , several experiments have im-
plemented the measurement on gigahertz phonons at the
single phonon level [10–12]. A central goal of these exper-
iments is to manipulate the mechanical degree of freedom
in the true quantum regime, in analogy to controlling the
quantum state of light in cavity [13] or circuit QED sys-
tems [14].
Phonon blockade is one of quantum features of me-
chanical oscillator [15, 16], which comes from the original
idea of photon blockade [17] in cavity QED systems. The
blockade effect means that a single photon’s (phonon’s)
appearing in the cavity (mechanical system) will prevent
the exciting of the second one. To realize phonon block-
ade, the nonlinearity of mechanical system is required.
Recently, the quantum nonlinearities have been proposed
by coupling the mechanical mode to a qubit [18, 19] or
two-level defect [20]. The phonon blockade in the nonlin-
ear mechanical system is mainly realized by utilizing the
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anharmonic energy-level [15, 16, 18–20] or the destructive
interference between different paths from ground state to
two-phonon state [21]. Although phonon blockade has
been theoretically studied by combining mechanical os-
cillator with a two-level system, it is still a challenge
for experimental demonstration compared with photon
blockade in cavity [22] or circuit QED systems [23]. The
main obstacle is that the large nonlinearity for realization
of phonon blockade requires the strong coupling limit,
i.e., the coupling strength is much larger than the de-
cay rates of mechanical oscillator and two-level system,
which is difficult to realize under current experimental
conditions.
In this letter, we study the phonon blockade in
a quadratically coupled optomechanical system. The
strong nonlinear coupling between photons and phonons
can be effectively induced via an external field coherently
driving the cavity, and the effective coupling strength is
tunable by adjusting the amplitude of the driving field.
An anharmonic energy-level of the system is obtained
based on the nonlinear coupling, where the exciting of
the second phonon is prevented due to large detuning
when the first one has been excited by a weak field. The
phonon statistical properties are studied with the second-
order correlation function. The results show that strong
phonon blockade can be observed for a large cooperativ-
ity of the system. It is worth stressing that the large non-
linearity in our system is achieved by the optical control
of the mechanical system, which is different from previ-
ous studies where the nonlinearity is obtained through
an ancillary two-level system [15, 16, 18–21].
The result is also different from our recent proposal
[24], where the phonon blockade is realized based on
χ(3) Kerr-type nonlinearity in the quadratically coupled
optomechanical system, while in this paper the phonon
blockade is implemented by the effective χ(2) nonlinear-
2ity. Normally, the χ(2)-based phonon blockade can poten-
tially be implemented with a larger nonlinearity as com-
pared to the case of kerr nonlinearity [15, 19]. Hence, the
scheme proposed here is more achievable than Ref. [24].
The paper is arranged as follows. In Sec. II, we in-
troduce the theoretical model of the optomechanical sys-
tem with quadratic coupling. Sec. III provides both the
analytical and numerical results of the correlation func-
tion, which is used to characterize the phonon statistical
properties of the mechanical mode. Sec. IV presents the
conclusions.
II. THEORETICAL MODEL
The quadratically coupled optomechanical system,
where the cavity frequency is coupled to the square
of the mechanical displacement, has been experimen-
tally realized in a number of optomechanical devices,
such as membrane-in-middle Fabry-Pe´rot cavities [25–
27], microsphere-nanostring systems [28], and photonic
crystal optomechanical cavity [29]. The quadratic cou-
pling has also been proposed for the realization of me-
chanical non-classical states [30–34], optomechanically
induced transparency [35–37] and opacity [38], quan-
tum nondemolition measurement of phonons, and single-
photon nonlinearity [39–41]. The Hamiltonian of the sys-
tem is written as (~ = 1)
H = Hs +Hd +Hp, (1)
where
Hs = ωca
†a+ ωmb
†b+ g0a
†a(b+ b†)2 (2)
is the Hamiltonian of the quadratically coupled op-
tomechnical system without driving term, ωc and ωm are
the frequency of cavity mode a and mechanical mode b,
g0 denotes the single-photon quadratic coupling strength,
and
Hd = Ω(a
†e−iωLt + aeiωLt) (3)
represents the coupling between cavity and the driving
field with laser amplitude Ω and frequency ωL. The in-
teraction between mechanical mode and the weak pump-
ing field with amplitude ε and frequency ωp is described
by
Hp = ε(b
†e−iωpt + beiωpt), (4)
which is used to excite phonons in the mechanical mode.
In general, the weak pumping field for the mechanical
mode can be implemented by an dc voltage source [42]
or piezoelectric radio signal [43].
In the rotating picture at the driving frequency ωL, the
Hamiltonian of the system can be rewritten as
H1 = ∆ca
†a+ωmb
†b+g0a
†a(b+ b†)2+Ω(a†+a)+Hp (5)
with the detuning ∆c = ωc − ωL between the cavity
mode and driving field. By means of the standard lin-
earizaion procedure of cavity optomechanics, we split
both the cavity and mechanical modes into an average
amplitude and a fluctuation term, i.e., a → α + a and
b → β + b. The average coherent amplitudes can be ob-
tained as α = Ω/(−∆c + iκ/2) and β = 0 based on the
Heisenberg-Langevin equations in the steady-state case
[32, 41], where κ is cavity decay rate. Note that α can
be chosen real by a proper choice of the phase of driving
field.
After the standard linearizaion procedure, the Hamil-
tonian can be expressed as
H2 = ∆ca
†a+ ωmb
†b+ g(a† + a)(b+ b†)2 +Hp, (6)
where g = g0α is the effective coupling strength which
can be tuned by controlling the amplitude of the driving
field. The small second-order term g0a
†a(b + b†)2 has
been neglected in comparison to g(a†+a)(b+ b†)2. When
the cavity is driven on the red two-phonon resonance,
i.e., ∆c = 2ωm, the rapid oscillation terms with high
frequencies±(∆c+2ωm) and±∆c can be neglected under
the rotating-wave approximation in the case of g ≪ ωm.
Thus the Hamiltonian becomes
H3 = ∆ca
†a+ ωmb
†b+ g(a†b2 + ab†
2
) +Hp. (7)
Applying the unitary transformation
U(t) = exp (i2a†aωpt+ ib
†bωpt) (8)
to the Hamiltonian H3 makes the pump term time-
independent, and a new Hamiltonian Heff = UH3U
† −
i∂U/∂t is generated with the form
Heff = (∆c − 2ωp)a†a+∆pb†b+g(a†b2+ab†2)+ε(b†+b),
(9)
where ∆p = ωm−ωp is the detuning between mechanical
mode and pump field, and ∆c − 2ωp = 2∆p satisfies the
two-phonon resonant condition in the rotating frame cor-
responding to the unitary operator U(t). We note that
the effective Hamiltonian Heff has been used to study
cooling and squeezing [30], photon blockade [41], and
macroscopic quantum superposition of mechanical mode
[32]. Especially, the Hamiltonian Heff presents an effec-
tive χ(2) nonlinearity, where the creation (annihilation)
of a photon is accompanied by the annihilation (creation)
of two phonons. This enable a resonant interaction be-
tween states |na,mb〉 and |(n− 1)a, (m+ 2)b〉, where na
(mb) denotes the photon (phonon) number of the cavity
(mechanical) mode.
To see this more clearly, the Hamiltonian Heff without
the pump term is diagonalized in the two-phonon sub-
space. The eigenstates of the system are given by
|±〉 = 1√
2
(|0a2b〉 ± |1a0b〉) (10)
with the corresponding eigenvalues ±√2g.
The energy level of the system in the few-phonon sub-
space is shown in Fig. 1. Note that the degeneracy of
the two states in the two-phonon subspace is split due
to nonlinear coupling between photon and phonons. In
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FIG. 1. (Color online) Anharmonic energy-level diagram of
the system in the few-phonon subspace. States are label as
|na, mb〉, where na (mb) denotes the photon (phonon) num-
ber. The nonlinear interaction between photon and phonons
splits the degeneracy of the two states in the two-phonon sub-
space. Green arrows present the single-phonon transition;
blue arrows, the two-phonon transition.
analogous to Jaynes-Cummings ladder of the atom-cavity
system for implementing photon blockade [17], the anhar-
monic level of the driven quadratically coupled optome-
chanical system is the crucial feature to realize phonon
blockade.
After being taken into account the cavity and mechan-
ical dissipation, the dynamical evolution of the system is
described by the master equation
ρ˙ =− i[Heff, ρ] + κ2 (2aρa† − a†aρ− ρa†a)
+ γ2 n¯th(2b
†ρb− bb†ρ− ρbb†)
+ γ2 (n¯th + 1)(2bρb
† − b†bρ− ρb†b), (11)
where γ represents the mechanical decay rate, and n¯th =
1/[exp (~ωm/kBT )−1] denotes the thermal phonon num-
ber at the environmental temperature T .
III. PHONON BLOCKADE
A. Steady-state solution of correlation function
To characterize the phonon statistical properties of the
mechanical mode, we study the steady-state second-order
correlation function
g(2)(0) =
〈b†b†bb〉
〈b†b〉2
=
tr(ρssb
†b†bb)
tr(ρssb†b)2
, (12)
where ρss is the density matrix of the system in the
steady-state case. The second-order correlation function
in quantum optics domain is originally defined for mea-
suring the quantum nature of optical fields, which is also
suitable for all bosonic fields. Recently, the second-order
FIG. 2. (Color online) Logarithmic plot of second-order cor-
relation function as a function of ∆p/κ and g/κ. The white
dash curve is plotted with ∆p = ±
√
2g/2. Parameters are
chosen as γ/κ = 0.01, ε/κ = 0.1, and nth = 0.
correlation function of phonon field in cavity optome-
chanics has been measured by Hanbury-Brown-Twiss
type experiment [8], which is used to verify a single-
phonon exciting in an optomechanical resonator. The
equal-time second-order correlation function g(2)(0) < 1
(g(2)(0) > 1) represents phonon antibunching (bunch-
ing), and the limit g(2)(0) → 0 corresponds to the com-
plete phonon blockade regime in which only one phonon
can be excited to the mechanical mode.
Figure 2 shows the dependence of the logarithmic
second-order correlation function on the detuning ∆p/κ
and the effective coupling strength g/κ. The phonon
antibunching g(2)(0) < 1 appears at detuning ∆p = 0.
This can be understood from the anharmonic energy-
level of the system, where if a single-phonon transi-
tion |0a0b〉 → |0a1b〉 happens, the subsequent transition
|0a1b〉 → |±〉 is suppressed for large detuning, as shown
with green arrows in Fig. 1. In this case, the first excited
phonon in the mechanical mode will prevent the second
one being excited. At detuning ∆p = ±
√
2g/2, phonon
bunching g(2)(0) > 1 can be observed in the strong cou-
pling regime. This bunching comes from the two-phonon
transition |0a0b〉 → |±〉, as shown with the blue arrows
in Fig. 1. The phonon bunching means that the mechan-
ical mode tends to be occupied by two phonons rather
single one. Figure 2 also shows that both the phonon
antibunching and bunching become stronger with the in-
creasing of coupling strength g/κ.
B. Analytical solution
To obtain detailed conditions for realizing the above
discussed phonon antibunching and bunching, we approx-
imately calculate the correlation function in a truncated
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FIG. 3. (Color online) The fidelity F given by Eq. (14) as a
function of ε/κ. Parameters are chosen as g/κ = 2, γ/κ =
0.01, ∆p = 0, and nth = 0.
Fock state basis.
Assume that the system is initially prepared in its
ground state. For a sufficient weak pumping field, only
few phonons can be excited in the mechanical mode.
Thus the general wave function of the system can be
expanded in the few-phonon subspace as
|ψ(t)〉 = C00 |0a0b〉+C01 |0a1b〉+C02 |0a2b〉+C10 |1a0b〉 ,
(13)
where Cn,m is the probability amplitude, and |Cn,m|2 de-
notes occupying probability in the state |namb〉. To check
the validity of the state truncation in the few-phonon
subspace, the fidelity is defined as the sum of occupying
probabilities of four states in Eq. (13)
F = |C00|2 + |C01|2 + |C02|2 + |C10|2. (14)
When the fidelity satisfies F ≈ 1, the state expansion in
Eq. (13) is valid. The steady-state solution of the fidelity
based on master equation (11) is shown in Fig. 3. For a
weak pumping field ε < 0.5κ, the fidelity is almost equal
to 1, and decreases with the increasing pumping strength
ε. If the fidelity F is smaller than 1, the multi-phonon
states will be excited. In this case, it is not enough to
expand the state in the above four-state basis space.
When the dissipations of cavity and mechanical modes
are included to calculate the approximate solution of
the probability amplitudes, an effective non-Hermitian
Hamiltonian is considered
H ′eff = Heff − i
κ
2
a†a− iγ
2
b†b. (15)
Based on the Schro¨dinger equation id |ψ〉/dt = H ′eff |ψ〉,
the motion equations for the probability amplitudes are
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FIG. 4. (Color online) Second-order correlation function
g(2)(0) as a function of ∆p. Parameters are taken as g/κ = 2,
γ/κ = 0.01, ε/κ = 0.1, and nth = 0.
given by
C˙00 = −iεC01, (16a)
C˙01 = −iεC00 − i(∆p − iγ
2
)C01 − i
√
2εC02, (16b)
C˙02 = i
√
2εC01 − i(2∆p − iγ)C02 − i
√
2gC10, (16c)
C˙10 = −i(2∆p − iκ
2
))C10 − i
√
2gC02. (16d)
In the weak pumping regime, C01 is proportional to ε
while C02 and C10 are proportional to ε
2. In the limit
ε → 0, C00 ≈ 1, i.e., the system remains in the ground
state. By neglecting the higher order terms of ε, the
steady-state solution of the probability amplitudes can
be approximately given by
C01 =
−iε
γ/2 + i∆p
, (17a)
C02 =
−√2ε2(κ/2 + i2∆p)
[(γ + i2∆p)(κ/2 + i2∆p) + 2g2](γ/2 + i∆p)
,
(17b)
C10 =
−i2gε2
[(γ + i2∆p)(κ/2 + i2∆p) + 2g2](γ/2 + i∆p)
.
(17c)
For the state given by Eq. (13), the correlation function
can be written as
g(2)(0) =
2|C02|2
(|C01|2 + 2|C02|2)2 ≈
2|C02|2
|C01|4 , (18)
where we have used the relation |C02| ≪ |C01| to obtain
the second approximated expression. Based on probabil-
ity amplitudes in Eq. (17), we have
g(2)(0) =
|(γ/2 + i∆p)(κ/2 + i2∆p)|2
|(γ/2 + i∆p)(κ/2 + i2∆p) + g2|2 . (19)
When the pumping field is tuned to resonance transition
5FIG. 5. (Color online) Second-order correlation function
g(2)(0) as a function of κ and γ at ∆p = 0. Parameters are
taken as g = 2, and ε = 0.1, and nth = 0.
frequency of the mechanical mode, i.e., ∆p = 0, the cor-
relation function reduces to
g(2)(0) =
1
(1 + 4g2/κγ)2
. (20)
In this case, phonon antibunching g(2)(0) < 1 always
exists in the present of optomechanical coupling. The
correlation function g(2)(0) = 1 if g = 0, which is a fea-
ture of coherent state. Obviously, the phonon blockade
g(2)(0) ≪ 1 can be realized when the cooperativity C
satisfies
C =
4g2
κγ
≫ 1. (21)
This result is similar with that in the Jaynes-Cummings
model, where a large cooperativity C ≫ 1 is required for
the observation of strong photon antibunching [22].
When the pumping field is tuned to two-phonon res-
onance transition, i.e., ∆p = ±
√
2g/2, the correlation
function becomes
g(2)(0) =
(γ2/4 + g2/2)(κ2/4 + 2g2)
(γ2/4 + g2/2)(κ2/4 + 2g2) + g2κγ/2− g4 .
(22)
The phonon bunching g(2)(0) > 1 can be observed if g4 >
g2κγ/2, i.e., C/2 > 1.
C. Phonon blockade
In order to comprehend the analytical result more
clearly, the second-order correlation function g(2)(0) as
a function of ∆p/g is plotted in Fig. 4. The red curve
denotes the analytical solutions of Eq. (19), while the
blue curve with circles is a snapshot taken from Fig. 2,
which is the numerical result based on master equation
−3 −2 −1 0 1 2 3
10−6
10−4
10−2
100
102
∆p/g
g(
2
) (
0
)
 
 
n¯th = 0
n¯th = 0.01
n¯th = 0.1
n¯th = 1
n¯th = 10
FIG. 6. (Color online) Second-order correlation function
g(2)(0) as a function of cavity decay rate ∆p at different value
of nth. Parameters are the same as Fig. 4.
Eq. (11). The two curves are well consistent. The dip
g(2)(0)≪ 1 at ∆p = 0 exactly confirms phonon blockade.
As discussed above, the phonon blockade comes from the
suppression of the transitions |0a1b〉 → |±〉 due to large
detuning. It should be noted that the detuning must be
greater than the mechanical decay rate, i.e.,
√
2g ≫ γ,
so that the transition |0a0b〉 → |0a1b〉 can be spectrally
resolved, and strong phonon blockade is realized.
Figure 5 shows the correlation function g(2)(0) as a
function of κ and γ at ∆p = 0. The white curve is plot-
ted by C = 1. It is clear that phonon antibunching still
presents even in the case of the large cavity and mechan-
ical decay rates κ, γ > g. However, strong phonon block-
ade can only be observed in the weak decay rate regime
κ, γ ≪ g, i.e., the cooperativity C ≫ 1. These results are
consistent with the analytical solution of Eq. (20).
So far we have only considered the case where the me-
chanical mode is initially cooled to its ground state, and
the mechanical thermal mean phonon number is chosen
as n¯th = 0. Next, we consider a finite but small equilib-
rium occupation number of the mechanical mode. Figure
6 displays g(2)(0) as a function of ∆p/g at different ther-
mal mean phonon number n¯th. At detuning ∆p = 0, we
find the phonon blockade survives for a small n¯th, but
its quality is degraded with the increasing of n¯th. This
is because the single-phonon excitation will be destroyed
by thermal noise when the thermal mean phonon number
n¯th approaches to the average phonon number in the me-
chanical mode. So in order to improve quality of phonon
blockade, the thermal mean occupation number should
be sufficient small.
Figure 6 also reveals that with the increasing of n¯th,
the phonon bunching at ∆p = ±
√
2g/2 disappears, but
new bunching appears at ∆p = ±
√
2g. Qualitatively, the
new bunching emerges from the transitions |0a1b〉 → |±〉.
When the thermal mean phonon number n¯th increases
(but is still less than 1), the probability of occupation in
one-phonon state |0a1b〉 is enhanced. Consequently, the
6probability of the transitions from |0a1b〉 to |±〉 is also
raised. However, for a thermal mean phonon number
n¯th > 1, both phonon antibunching and bunching are
destroyed by thermal noise.
IV. DISCUSSION AND CONCLUSIONS
In conclusion, we have realized the phonon blockade in
a optomechanics system with quadratic coupling, where
the nonlinearity of mechanical resonator is induced by
driving the cavity on two-phonon red sideband. For the
system being initially cooled to its ground state, only a
single phonon can be excited in the mechanical mode due
to the nonlinearity of the mechanical system.
By calculating the second-order correlation function
both numerically and analytically in the steady-state
case, we have found the conditions for the realization
of strong phonon blockade. First, a large cooperativity
of the system is required C ≫ 1, i.e., g ≫ κ, γ. Second,
the thermal excitation number should be small enough,
so that the single-phonon excitation in the mechanical
mode will not be destroyed by the thermal noise.
In recent experiment for quadratically coupled optome-
chanical system, the single-photon quadratic coupling
strength g0 is about 245 Hz in a planar silicon photonic
crystal cavity [29], and is likely enhanced to 1 kHz [44]
or 100 kHz [29] by carefully tuning the photonic crystal
structure. Thus the effective coupling strength g = g0α
up to hundreds of MHz can be obtained for α ∼ 104
[27]. With a high mechanical quality factor Q ∼ 107
(ωm ≈ 5.6 GHz and γ ≈ 328 Hz) [45] and a cavity decay
rate about 20 MHz [46] in the photonic crystal cavity,
the strong coupling condition g ≫ κ, γ is possibly imple-
mented with current experimental parameters. In addi-
tion, for a mechanical system with gigahertz frequency at
cryogenic temperature (25 mK) [8, 10, 12], a small ther-
mal mean phonon number n¯th ∼ 10−5 can be achieved.
All of these make it possible to realize phonon blockade
under current experimental conditions.
ACKNOWLEDGMENTS
We acknowledge supports from the National Natu-
ral Science Foundation of China (Grants No. 61275215
and No. 11674059), the Natural Science Foundation of
Fujian Province of China (Grants No. 2016J01008 and
No. 2016J01009), the Educational Committee of Fujian
Province of China (Grants No. JAT160687, No. JA14397
and No. JAT170148), and the College Funds for Distin-
guished Young Scientists of Fujian Province of China.
[1] K. C. Schwab and M. L. Roukes, Phys. Today 58, 36
(2005).
[2] M. Poot and H. S. J. V. D. Zant, Phys. Rep. 511, 273
(2012).
[3] W. H. Zurek, Phys. Today 44, 36 (1991).
[4] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt,
Rev. Mod. Phys. 86, 1391 (2014).
[5] J. Teufel, T. Donner, D. Li, J. Harlow, M. Allman, K. Ci-
cak, A. Sirois, J. D. Whittaker, K. Lehnert, and R. W.
Simmonds, Nature 475, 359 (2011).
[6] J. Chan, T. M. Alegre, A. H. Safavi-Naeini, J. T.
Hill, A. Krause, S. Gro¨blacher, M. Aspelmeyer, and
O. Painter, Nature 478, 89 (2011).
[7] J. B. Clark, F. Lecocq, R. W. Simmonds, J. Aumentado,
and J. D. Teufel, Nature 541, 191 (2017).
[8] S. Hong, R. Riedinger, I. Marinkovi, A. Wallucks, S. G.
Hofer, R. A. Norte, M. Aspelmeyer, and S. Grblacher,
Science 358, 203 (2017).
[9] R. Riedinger, S. Hong, R. A. Norte, J. A. Slater,
J. Shang, A. G. Krause, V. Anant, M. Aspelmeyer, and
S. Grblacher, Nature 530, 313 (2016).
[10] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bial-
czak, M. Lenander, E. Lucero, M. Neeley, D. Sank,
H. Wang, M. Weides, J. Wenner, J. M. Martinis, and
A. N. Cleland, Nature 464, 697 (2010).
[11] A. P. Reed, K. H. Mayer, J. D. Teufel, L. D. Burkhart,
W. Pfaff, M. Reagor, L. Sletten, X. Ma, R. J. Schoelkopf,
and E. Knill, arXiv:1703.02548 [quant-ph].
[12] Y. Chu, P. Kharel, W. H. Renninger, L. D. Burkhart,
L. Frunzio, P. T. Rakich, and R. J. Schoelkopf, Science
358, 199 (2017).
[13] A. Reiserer and G. Rempe, Rev. Mod. Phys. 87, 1379
(2015).
[14] C. Wang, Y. Y. Gao, P. Reinhold, R. W. Heeres, N. Ofek,
K. Chou, C. Axline, M. Reagor, J. Blumoff, and K. M.
Sliwa, Science 352, 1087 (2016).
[15] Y. X. Liu, A. Miranowicz, Y. B. Gao, J. Bajer, C. P. Sun,
and F. Nori, Phys. Rev. A 82, 032101 (2010).
[16] N. Didier, S. Pugnetti, Y. M. Blanter, and R. Fazio,
Phys. Rev.B 84, 054503 (2011).
[17] A. Imamog˘lu, H. Schmidt, G. Woods, and M. Deutsch,
Phys. Rev. Lett. 79, 1467 (1997).
[18] A. Miranowicz, J. Bajer, N. Lambert, Y. X. Liu, and
F. Nori, Phys. Rev.A 93, 013808 (2016).
[19] X. Wang, A. Miranowicz, H. R. Li, and F. Nori, Phys.
Rev. A 93, 063861 (2016).
[20] T. Ramos, V. Sudhir, K. Stannigel, P. Zoller, and T. J.
Kippenberg, Phys. Rev. Lett. 110, 193602 (2013).
[21] X. W. Xu, A. X. Chen, and Y. X. Liu, Phys. Rev. A 94,
063853 (2016).
[22] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E.
Northup, and H. J. Kimble, Nature 436, 87 (2005).
[23] A. J. Hoffman, S. J. Srinivasan, S. Schmidt, L. Spietz,
J. Aumentado, H. E. Tureci, and A. A. Houck, Phys.
Rev. Lett. 107, 053602 (2011).
[24] H. Xie, C. G. Liao, X. Shang, M. Y. Ye, and X. M. Lin,
Phys. Rev. A 96, 013861 (2017).
[25] A. Jayich, J. Sankey, B. Zwickl, C. Yang, J. Thompson,
S. Girvin, A. Clerk, F. Marquardt, and J. Harris, New
J. Phys. 10, 095008 (2008).
[26] J. Thompson, B. Zwickl, A. Jayich, F. Marquardt,
S. Girvin, and J. Harris, Nature 452, 72 (2008).
7[27] J. C. Sankey, C. Yang, B. M. Zwickl, A. M. Jayich, and
J. G. Harris, Nat. Phys. 6, 707 (2010).
[28] G. A. Brawley, M. R. Vanner, P. E. Larsen, S. Schmid,
A. Boisen, and W. P. Bowen, Nat. Commun. 7, 10988
(2014).
[29] T. K. Para¨ıso, M. Kalaee, L. Zang, H. Pfeifer, F. Mar-
quardt, and O. Painter, Phys. Rev. X 5, 041024 (2015).
[30] A. Nunnenkamp, K. Børkje, J. G. E. Harris, and S. M.
Girvin, Phys. Rev. A 82, 021806 (2010).
[31] M. Asjad, G. S. Agarwal, M. S. Kim, P. Tombesi,
G. Di Giuseppe, and D. Vitali, Phys. Rev. A 89, 023849
(2014).
[32] H. Tan, G. Li, and P. Meystre, Phys. Rev. A 87, 033829
(2013).
[33] M. Abdi, P. Degenfeld-Schonburg, M. Sameti,
C. Navarrete-Benlloch, and M. J. Hartmann, Phys.
Rev. Lett. 116, 233604 (2016).
[34] H. Seok and E. M. Wright,
Phys. Rev. A 95, 053844 (2017).
[35] S. Huang and G. S. Agarwal, Phys. Rev.A 83, 023823
(2011).
[36] M. Karuza, C. Biancofiore, M. Bawaj, C. Molinelli,
M. Galassi, R. Natali, P. Tombesi, G. Di Giuseppe, and
D. Vitali, Phys. Rev.A 88, 013804 (2013).
[37] X. G. Zhan, L. G. Si, A. S. Zheng, and X. Yang, J. Phys.
B: At., Mol. Opt. Phys. 46, 025501 (2013).
[38] L. G. Si, H. Xiong, M. S. Zubairy, and Y. Wu, Phys.
Rev. A 95, 033803 (2017).
[39] J. Q. Liao and F. Nori, Phys. Rev. A 88, 023853 (2013).
[40] J. Q. Liao and F. Nori, Sci. Rep. 4, 6302 (2014).
[41] H. Xie, G. W. Lin, X. Chen, Z. H. Chen, and X. M. Lin,
Phys. Rev. A 93, 063860 (2016).
[42] A. Szorkovszky, G. A. Brawley, A. C. Doherty, and W. P.
Bowen, Phys. Rev. Lett. 110, 184301 (2013).
[43] L. Fan, K. Y. Fong, M. Poot, and H. X. Tang, Nat.
Commun. 6, 5850 (2015).
[44] M. Kalaee, T. K. Paraiso, H. Pfeifer, and O. Painter,
Opt. Express 24, 21308 (2016).
[45] S. M. Meenehan, J. D. Cohen, G. S. MacCabe, F. Marsili,
M. D. Shaw, and O. Painter, Phys. Rev. X 5, 041002
(2015).
[46] H. Sekoguchi, Y. Takahashi, T. Asano, and S. Noda,
Opt. Express 22, 916 (2014).
